ABSTRACT: Impairment of the ability to mount an inflammatory response is associated with death from adult critical illness. This phenomenon, characterized by reduced monocyte production of proinflammatory mediators such as tumor necrosis factor ␣ (TNF-␣), is poorly understood in children. We hypothesized that differential expression of inflammation-related genes would be seen in monocytes from children with adverse outcomes from multiple organ dysfunction syndrome (MODS). Ex vivo lipopolysaccharide (LPS)-induced TNF-␣ production and plasma cytokines were prospectively measured biweekly in children with dysfunction of two or more organs. Concomitantly, monocyte expression of 28 pro-and antiinflammatory genes [cytokines, Toll-like receptor (TLR)/nuclear factor B (NF-B) signaling pathway members, inflammasome elements] was measured. Thirty children (22 survivors, eight nonsurvivors) were evaluated. High mRNA levels for interleukin (IL)-10, IL-1 receptor-associated kinase (IRAK-M), and the putative inflammasome inhibitor pyrin were associated with death (p Յ 0.02). Plasma IL-10 levels were higher and ex vivo TNF-␣ production was lower in nonsurvivors (p Ͻ 0.05). Among survivors, high mRNA levels for IL-10, IRAK-M, pyrin, IRAK1, or TLR4 were associated with longer durations of pediatric intensive care unit (PICU) stay and mechanical ventilation (p Յ 0.02). These data suggest that adverse outcomes from pediatric MODS are associated with an antiinflammatory monocyte mRNA phenotype. Future studies are warranted to explore mechanisms of immunodepression in pediatric critical illness. (Pediatr Res 62: 597-603, 2007)
M ultiple organ dysfunction syndrome (MODS) is a dev-
astating sequela of proinflammatory insults such as sepsis, trauma, and major surgery in children and adults. Mortality rates from MODS range from 20% to 100% in children depending on the number of organ systems involved (1, 2) . This is true despite its occurrence in a patient population in which mortality from severe sepsis in PICUs has dropped to as low as 10% in the past decade (3) .
A paradigm shift is now underway in our understanding of the immunobiology of critical illness. The acute hyperinflammatory state characteristic of early sepsis was once thought to persist through its sequelae such as MODS, but we now know that many patients experience a down-regulation of the innate immune system's inflammatory response in the aftermath of a proinflammatory insult. This state, termed immunoparalysis, is likely an initially adaptive, compensatory anti-inflammatory response, which has become exaggerated and harmful.
The monocyte has been the focus of much of the investigation into the phenomenon of immunoparalysis to date, although the overwhelming majority of data come from the setting of adult critical illness. Volk et al. (4) and others (5, 6) have shown that critically ill adults with persistently reduced monocyte human leukocyte antigen (HLA)-DR expression (with Ͻ30% of circulating monocytes being HLA-DRϩ) are at high risk of the development of septic complications and death. Similarly, prolonged reduction in ex vivo tumor necrosis factor ␣ (TNF-␣) production by whole blood on exposure to endotoxin, also characteristic of monocyte deactivation, has been shown to be associated with adverse outcomes in critically ill patients (7) (8) (9) (10) . There is a growing body of evidence in adults that suggests that this deactivation may be reversible, with beneficial impact on outcomes (11, 12) . There is a paucity of mechanistic data in the literature to provide insight into the pathways involved in this form of immunodepression in critically ill children.
In this study, we prospectively and longitudinally evaluated the associations between monocyte function, monocyte mRNA expression, and adverse outcomes from pediatric MODS. We chose to focus on three discreet sets of gene products: cytokines, members of the Toll-like receptor (TLR)/ nuclear factor B (NF-B) pathway, and elements of the inflammasome complex (proteins involved in sensing internalized pathogens, activation of the NF-B signalosome, and processing of the immature forms of IL-1␤ and IL-18) (13, 14) . All these proteins are important in the promotion and regulation of the inflammatory response in monocytes, and most are thought to be transcriptionally regulated. Our report demonstrates for the first time that elevations in monocyte mRNA expression for specific anti-inflammatory mediators are significantly associated with increased resource utilization and death in children with MODS. Most notably, we report an association between mRNA expression for the putative inflammasome inhibitor pyrin and adverse outcomes from critical illness, a finding that has not been previously reported in humans.
METHODS
Patients. Subjects were recruited from the Columbus Children's Hospital PICU, a 35-bed quaternary care unit in a 323-bed academic children's hospital in Columbus, OH. Our protocol was approved by the local institutional review board and informed consent was obtained from the legal guardians of all subjects before enrollment. Patients aged 0 -18 y with indwelling vascular catheters were eligible for enrollment if they demonstrated dysfunction of two or more organs as measured by an organ failure index (OFI) (range of possible scores, 0 -6) (15). Patients were excluded if they carried a preexisting limitation of care order.
Measurements. Blood samples were obtained twice weekly beginning on d 3 of MODS. Sampling was discontinued on PICU discharge or death. Sample volume at each time point was limited to 3 mL of blood for children younger than 1 y of age and 5 mL for older children.
Cytokine determination. Plasma samples were analyzed for IL-6 and IL-10 using the Immulite automated chemiluminometer (Siemens Medical Solutions Diagnostics, Los Angeles, CA). Cytokine standards were run before each assay to ensure proper calibration. Monocyte function was measured using a commercial ex vivo stimulation assay from Milenia Biotec (Bad Nauheim, Germany). Briefly, 50 L of heparinized whole blood was added to 500 L of stimulation reagent (500 pg/mL lipopolysaccharide (LPS)) and incubated at 37°C for 4 h. The supernatant was then analyzed for TNF-␣ also using the Immulite automated chemiluminometer.
Monocyte isolation and RNA determination. We used relative quantification to evaluate the expression of 28 selected genes representing both proand anti-inflammatory cytokines, TLR/NF-B signaling pathway members, and elements of the inflammasome complex (Table 1) . Monocytes were isolated and mRNA was quantified relative to a panel of housekeeping genes as previously described (16) . Additional detail on this technique is provided in the online supplement. In brief, RNA was isolated and converted to cDNA by reverse transcriptase-polymerase chain reaction (RT-PCR). Quantitative PCR was then used to analyze the expression of genes of interest relative to the averaged expression of the housekeeping genes. The resulting relative copy number (RCN) for a given gene of interest is, therefore, standardized against constitutively expressed housekeeping genes. This allows for direct comparison of mRNA expression across individuals, time points, and groups.
Clinical data collection. Our primary outcome variables were death before PICU discharge, duration of PICU stay, and duration of invasive mechanical ventilation. Additional data collected included age, sex, diagnoses, corticosteroid use, and initial severity of illness (on d 1 of MODS) as measured by OFI, Pediatric Risk of Mortality (PRISM) III score (17) , and Pediatric Logistic Organ Dysfunction (PELOD) score (18) .
Data analysis. Statistical analyses were performed using Prism4 (GraphPad Software Inc., San Diego, CA) and SAS 9 (SAS Institute Inc., Cary, NC) software. Descriptive statistics are displayed as median with interquartile range (IQR). Genes were only included in mortality analysis if at least three nonsurvivor values were present. Simple comparisons were made using the Mann-Whitney test or the Fisher exact test. Changes in mRNA expression and cytokine levels over time were analyzed on log-transformed data by two-way analysis of variance (ANOVA). For our mRNA data, we indicate which differences in gene expression withstand a Bonferroni correction for multiple comparisons.
For survivors, a linear regression model was used to study the relationship between elevations of monocyte mRNA levels at any time and durations of PICU stay and mechanical ventilation and control for the effect of initial severity of illness. For this analysis, an elevated mRNA level was defined as one falling in the upper quartile of all survivors' values for each gene. Due to the relatively small number of observations, the variable describing the severity of illness (PELOD score) was first fitted to the model. The categorical variable describing the each mRNA level (elevated/not elevated) was then added to this univariate model individually to fit a two-variable model. For all analyses, p Ͻ 0.05 was considered to be significant.
RESULTS

Epidemiology. From March 2003 to September 2004, 32
children with MODS met eligibility criteria, with 30 families consenting to study participation. Two patients in our cohort did not undergo mRNA analysis due to persistent leukopenia, which precluded isolation of significant numbers of monocytes throughout their PICU stays. Of the samples from the remaining subjects, some did not undergo analysis of the full 28-gene panel due to limitations in availability of monocyte cDNA. A total of 105 sampling events occurred during the course of the study, with 80 samples from 28 subjects yielding enough mRNA for testing. Study subjects' demographic and epidemiologic data are summarized in Table 2 . Patients with transplantation, although represented in our cohort, accounted 
* Known or suspected anti-inflammatory mediator. IRAK, interleukin-1 receptor associated kinase. 598 for Ͻ20% of subjects. Our observed mortality rate was similar to those described in the literature for children with MODS (1,2).
Characteristics of nonsurvivors and survivors are shown in Table 3 . Patients who had undergone bone marrow transplantation accounted for Ͼ50% of deaths (5/8). One survivor received tacrolimus as treatment for nephrotic syndrome but had not undergone transplantation.
We also collected mRNA from four ICU control subjects (two males, two females) ranging in age from 6 mo to 11 y. These critically ill children were admitted to the PICU with single (n ϭ 2) or zero (n ϭ 2) organ failure as measured by OFI. Their diagnoses included diabetic ketoacidosis, Jeune syndrome, sepsis, and congenital heart disease. Control samples were collected from a single time point on d 2 of PICU stay. Complete mRNA profiles for these patients can be viewed in Table E1 in the online supplement. Differences in monocyte mRNA expression between control subjects and MODS patients are indicated in the relevant figures and tables.
Longitudinal mRNA profiles in survivors versus nonsurvivors. To examine the time course of gene transcription in our subjects, we compared monocyte mRNA expression in the first and second weeks following the onset of MODS in survivors and nonsurvivors. The average weekly value was used for subjects who had mRNA data from more than one sampling point in a week (e.g. d 3 and 7, d 10 and 14). The only mRNA products that were different between survivors and nonsurvivors were MEFV and IL10. Tables E2 and E3 in the online supplement. Both MEFV mRNA levels and IL10 mRNA levels were higher in nonsurvivors over the first 2 wk following the onset of MODS (p ϭ 0.001 and 0.01, respectively; two-way ANOVA, Fig. 1A) . Interestingly, survivors demonstrated a down-regulation of MEFV mRNA compared with controls. IL-10 mRNA was up-regulated in nonsurvivors compared with survivors. Ex vivo TNF-␣ production was lower over time in nonsurvivors compared with survivors, whereas plasma IL-10 protein levels were higher in nonsurvivors (Fig. 1B) .
Early versus late mRNA expression. Monocyte mRNA from samples available from d 3 of MODS similarly showed significant differences between survivors and nonsurvivors in the expression of only two genes, MEFV and IL10. Table 5 displays gene products with a p value Ͻ0.1. The entire panel can be viewed in Table E4 in the online supplement.
The timeline of progression through the clinical course of MODS was predictably varied in our cohort. In fact, eight subjects (three nonsurvivors, five survivors) remained in the ICU and continued to undergo sampling Ͼ2 wk after the onset of MODS. These time points are difficult to compare on their own given the small sample size. To capture these values and to provide insight into differences in monocyte mRNA profiles between nonsurvivors and survivors at a time when intergroup variability might be at its greatest, we compared data from the last samples taken Յ72 h before either death or PICU discharge. Table 5 also displays gene products with a p value of Ͻ0.1 from these final samples, with the full panel displayed in Table E5 in the online supplement. There was no significant difference in time from onset of MODS to the time of final sampling between survivors (10 d; range, 3-17; n ϭ 19) and nonsurvivors (14 d; range, 7-17; n ϭ 8; p ϭ 0.54). Four gene products demonstrated significant differences between these groups: NALP1, IL10, IRAK3, and MEFV. Three of these four genes code for known or suspected anti-inflammatory mediators ( Fig. 2A-C) . Samples from the same time points revealed higher plasma IL-10 levels with reduced ex vivo TNF-␣ production in nonsurvivors compared with survivors ( Fig. 2D and E) . Resource utilization among survivors. Survivors (all of whom were nontransplant recipients) with monocyte mRNA levels falling in the top quartile of all survivor samples for a given gene at any time were said to have elevated expression of that gene. Six genes showed an association with a longer duration of mechanical ventilation and/or longer duration of PICU stay if elevated at any time by linear regression after adjusting for initial severity of illness (Table 6) .
DISCUSSION
Until recently, MODS has been viewed as a disease of hyperinflammation. In fact, elevated levels of IL-6, a marker of proinflammation, have been highly associated with adverse outcomes in adults and children with sepsis and sepsisinduced organ dysfunction (15,19 -24) . Over the past decade, however, increasing evidence has suggested that an exaggerated compensatory anti-inflammatory response may predominate following a proinflammatory insult and may be associated with adverse outcomes (4,5,9,10,25). Our cytokine and mRNA data, taken as a whole, suggest that children with MODS who die are exhibiting an anti-inflammatory innate immune phenotype (low monocyte TNF-␣ production capability with high monocyte IL10 mRNA and high plasma IL-10 levels) both early and late in their ICU courses.
The diagnosis of severe sepsis or septic shock was common in both survivors and nonsurvivors. There was no significant difference in initial severity of illness or hydrocortisone use among groups. The high prevalence of male gender in the nonsurvivor group is intriguing. This has been shown in adults, with females demonstrating better outcomes from sepsis despite having a more robust inflammatory response to LPS than males (26) . The reasons for these gender-based differences are unclear, particularly in the pediatric population.
More than half of the nonsurvivors in our cohort had undergone transplantation, accounting for high frequency of calcineurin inhibitor and methylprednisolone use in that group. Although mRNA levels were similar between nonsurvivors who had and had not undergone transplantation (Fig.  2) , the potential impact of transplantation as a confounder in this subgroup is significant and difficult to control for with this sample size. We therefore analyzed resource utilization in survivors, none of whom were transplant patients. Our analysis revealed significant associations between adverse outcomes and high levels of monocyte mRNA for IL-10, interleukin-1 receptor-associated kinase (IRAK)-M, and pyrin in this group as well. Dominance of anti-inflammatory gene products. NALP1, when measured in the terminal monocyte samples, was the only proinflammatory gene whose mRNA up-regulation positively correlated with survival in any of our analyses. This structural protein is widely expressed and is thought to be important in the assembly of both the inflammasome and proapoptotic machinery (13) . The remainding gene products, which showed a positive association with mortality are at least putatively, anti-inflammatory. IL-10 is well known to induce down-regulation of the responsiveness of immune cells to endotoxin, with induction of an anti-inflammatory phenotype (27) (28) (29) (30) (31) (32) (33) (34) (35) .
IRAK-M, encoded by the IRAK3 gene, was first described by Wesche et al. (36) in 1999 and its role as an antiinflammatory mediator more formally elucidated by Kobayashi et al. (37) in 2002. As a nonfunctional analogue of the kinase IRAK1, IRAK-M blocks signaling from the TLRs downstream to the NF-B pathway. Monocyte IRAK-M levels have been shown to positively correlate with the development of monocyte hyporesponsiveness in experimental models (38 -41) and in adult sepsis (38) . Our findings suggest that late elevation in levels of monocyte mRNA for IRAK-M is associated with death in the setting of pediatric MODS.
Far more surprising was the striking association between mortality and MEFV mRNA expression. Pyrin, encoded by the MEFV gene, is an intracellular protein expressed in innate immune cells and is known to bind to both the cytoskeleton and an element of the inflammasome (42, 43) . Although the specific functions of pyrin are not clear, it is certain that pyrin mutations are responsible for the disease familial Mediterranean fever (FMF) in which patients suffer recurrent bouts of systemic inflammation. This is thought to be the result of one of a number of loss-of-function mutations in the MEFV gene (44, 45) . Ustek et al. (46) recently demonstrated reduced levels of MEFV mRNA in peripheral blood leukocytes from FMF patients who were experiencing active inflammation compared with periods of quiescence. Our patients with high levels of monocyte MEFV mRNA expression demonstrated reduced ex vivo TNF-␣ production (Fig. 1B) . Perhaps most intriguing is the observation that down-regulation of MEFV mRNA expression was associated with survival. In contrast to FMF patients, whose hyperinflammation is associated with reduced pyrin activity, we speculate that the hypoinflammation characteristic of our children with adverse outcomes may be related to an overabundance of pyrin, which itself may be pathologic. Ours is the first report of expression of mRNA for pyrin being associated with death in critically ill children. Limitations. Our study is limited by the fact that we elected to choose a small number of gene products that could be evaluated in a relatively large number of samples in a quantitative yet cost-effective way. In doing so, we were forced to restrict our focus. In addition, the volume of blood available for analysis from our pediatric subjects limited the number of monocytes available for analysis per sample. Lack of availability of data from all time points and inability to isolate sufficient RNA for measurement of all 28 genes for all patients meant that some analyses were limited in sample size. Despite this limitation, the correlation between the anti-inflammatory mRNA expression profile (IL10, IRAK3, and MEFV) and the ex vivo LPS-induced cytokine profile supports the validity of the mRNA data. A larger cohort would allow for a more rigorous regression analysis of the effects of confounders such as gender, severity of illness, corticosteroid use, and diagnosis on outcomes. This was not feasible with only eight deaths in our study. Last, our definition of elevated mRNA levels in our survivors' linear regression analysis was not based on a validated cutoff. By using the upper quartile of mRNA expression, however, we believe that we have dichotomized that group in a reasonable way to perform outcomes analysis.
CONCLUSIONS
Our observed predominance of anti-inflammatory gene expression and monocyte hyporesponsiveness in nonsurvivors of pediatric MODS is highly supportive of the notion that immunodepression is a common and concerning feature of pediatric critical illness. This study highlights the potential importance of elevated IL-10 expression as a factor in monocyte deactivation and mortality. It also adds to the relevance of IRAK-M as an in vivo modulator of the inflammatory response in critical illness. Finally, our data suggest that pyrin may play a heretofore underappreciated role in the regulation of inflammation. Inflammasome components are emerging as important in the intracellular propagation of the inflammatory response, and this study represents the first investigation of this pathway in critically ill humans. The association between levels of mRNA for pyrin, a putative inflammasome inhibitor, and mortality highlights the need for additional research in this area. The cause-and-effect relationships of these associations remain unknown and should be the subject of prospective clinical and laboratory investigation so that mechanismbased immunomodulatory protocols can be developed in an effort to improve outcomes in children with MODS.
